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We want to work with you to gain recognition for your research through worldwide visibilit y and high cit ations. As an EPL author, you will benef it fr om: 560,000 Introduction. -The ionic-pair plasmas, containing positive and negative ions with an equal mass, have attracted significant attention because they can provide new insights into phenomena in pair plasmas in general [1] and have potential applications in astrophysics, space, and laboratory plasma systems [2] [3] [4] . Due to the advantage of being free from the usual problem of annihilation, the collective behavior in ionic-pair plasmas can be experimentally investigated under controlled conditions. In the laboratory, Oohara et al. [5] [6] [7] carried out the pioneering experimental studies on the propagation properties of electrostatic waves in ionic-pair fullerene (C ± 60 ) plasmas. The creation of such ionic-pair plasma was performed by using the C 60 with a stable cage as ion source. It has been shown that the basic characteristics of such plasma are different from that of the ordinary electron-ion plasmas, such as the potential structure formation. This pioneering experimental work provided a better understanding of the synthesis of C 60 dimers and nonlinear collective behavior in a controlled laboratory environment. The work revealed that three types of electrostatic collective modes, including the high-frequency ion plasma wave, the low-frequency (a) E-mail: gsm861@126.com (corresponding author) ion-acoustic wave, and the intermediate-frequency wave, can propagate parallelly to the external magnetic field [5] . It has also been found that the ionic-pair plasma experiments should have few electrons and cannot be pure pairs of ions ( [8] [9] [10] and references therein).
Due to the significance of ionic-pair plasmas, extensive theoretical research [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] has been carried out to investigate the propagation of ion-acoustic waves in such plasmas. Because of the nonlinearity, various wave structures can be produced in the ionic-pair plasmas, such as the solitary wave, the shock wave, the rogue wave, etc. Here, we will pay special attention to the investigation of shock waves in the ionic-pair plasmas. By considering the dissipative effects, the plasma is no longer the Hamiltonian system. The shock wave, also known as kink or double layer, therefore can be created by the balance between the nonlinearity (caused by the nonlinear convection of mobile particles) and the dissipation (caused by some sort of dissipative mechanism).
It is revealed that the nonlinear features of plasma waves can be pronouncedly affected by the velocity distribution of the charged particles. In the past few decades, the Maxwellian velocity distribution was the most popular probability distribution where the system of the charged
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particles is assumed to have reached thermodynamic equilibrium. However, due to the formation of phase-space holes caused by the trapping of electrons, the electrons may not follow the Maxwellian distribution. In such plasma system, the electrons satisfy the vortex-like distribution. The electron trapping has been observed not only in space plasmas [21] , but also in laboratory experiments [22] [23] [24] . It has been found that the trapped electrons play a significant role in plasma experiments. Some examples are as follows: In ref. [23] , the kinetic effects related to the trapped electrons can be used to mediate the fast reconnection process in the magnetic reconnection experiment designed by the MIT Plasma Science and Fusion Center. The experiment in ref. [24] revealed that the growth rate of the ion resonance diocotron instability increases exponentially with the kinetic energy of the trapped electrons. Recently, a significant research effort [18, [25] [26] [27] [28] [29] [30] has been devoted to investigating the effect of the trapped electrons on the nonlinear structures of plasma waves. For example, Alinejad [31] reported that the trapped electrons can support the solitary wave with only compressive structure.
To the best of our knowledge, no attempt has been made to investigate the effect of trapped electrons on the ion-acoustic shock wave in magnetized ionic-pair plasma. Therefore, the aim of this letter is to present how the trapped electrons affect the small but finite amplitude ionacoustic shock wave in a three-dimensional magnetized ionic-pair plasma. In ref. [1] , the authors reported that the electrostatic waves in the ionic-pair plasma can be explained by the fluid theory. In the fluid, the velocity of the neighboring parts is usually different and the velocity shear can drive the momentum transfer via the viscosity. Therefore, considering the viscosity effect can give a more complete picture in our ionic-pair plasma model. Other types of viscosity, for example the collisional viscosity, are also worth being investigated in the ionic-pair plasma, although it is beyond the scope of the paper here. In fact, it will be the subject of our further work.
Theoretical model and basic equations. -Consider a three-dimensional, collisionless, and magnetized plasma whose constituents are positive ions, negative ions, and trapped electrons. We assume that the external constant magnetic field is directed along the z-axis, i.e., B = B 0ẑ . Here the constant B 0 is the strength of the magnetic field,ẑ denotes the unit vector along the z-axis. The low frequency ion-acoustic wave satisfies the conditions [32] , where v e and Ω e are, respectively, the electron thermal speed and gyro-frequency. For such low-frequency wave, the electrons move along the external magnetic field line and the electron inertia can be neglected since the thermal speed of the electrons is much larger than that of ions. In our plasma, the electrons are modeled by the vortex-like distribution function. For the small-amplitude limit, the distribution function can be expanded in Taylor's series, i.e., eq. (6) which will be given later. In addition, the positive and negative ions are assumed to be viscous, dynamic, and have the same mass.
The nonlinear dynamics of ion-acoustic wave propagating in our ionic-pair plasma is governed by the following normalized continuity, momentum, and Poisson equations.
For positive ions, the normalized dynamic equations are written as
For negative ions, we have
The above four equations are coupled through the Poisson equation as follows:
In these equations, ∇ =(
, n j (j = p, n,o rn for positive ions, negative ions, or electrons, respectively) denotes the number density of each species normalized by the equilibrium value n j0 , the electric potential Φ is normalized by κ B T ef /e, the space x and time t are normalized by the Debye length λ D =( κ B T ef /4πn p0 e 2 )
1/2 and the inverse positive ion plasma frequency ω
The kinematic viscosity μ is normalized by λ 2 D ω pi , the ion cyclotron frequency Ω is normalized by ω pi , the ion fluid velocity u j = (u jx ,u jy ,u jz )( j = p or n) is normalized by the positive ion sound speed
1/2 , u jx , u jy ,a n d u jz are the velocities in x, y and z directions, respectively. Here, e is the electronic charge, κ B the Boltzmann constant, m p the positive ion mass. The overall quasineutrality condition n e0 + n n0 = n p0 implies α + β =1 ,w h e r e α = n e0 /n p0 and β = n n0 /n p0 .
In this letter, we use the following vortex-like distribution function to model the velocity distribution of electrons:
where v is the velocity normalized by the electron thermal velocity, T ef is the free-electron temperature, f f and f t represent the free-and trapped-electron contribution, respectively. Note that γ =1( γ = 0) denotes the Maxwellian (flat-topped) distribution, while γ<0 stands for the vortex-like excavated trapped-electron distribution. The physical meaning of the negative value for γ
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The effect of trapped electrons on the three-dimensional ion-acoustic shock wave etc. is that the parameter γ determines the amount (or efficiency) of electron trapping. Formally, a negative γ represents a dip or notch in the trapped-electron distribution when the trapping process is less efficient and a hole in phase space is established at resonant velocity (see fig. 1 ) [21, 33] . In other words, the negative γ is related to the so-called negative trapped-electron "temperature T et " through
Integrating the above distribution function over the velocity space, we obtain the normalized electron number density
By expanding n e for the small-amplitude limit, i.e., Φ ≪ 1, we have
where
Equations (1)- (6) form a closed system governing the dynamics of the ion-acoustic wave in the three-dimensional magnetized ionic-pair plasma with trapped electrons satisfying the vortex-like distribution.
Schamel-Zakharov-Kuznetsov-Burgers' equation. -To investigate the dynamics of small but finite amplitude ion-acoustic shock wave in our plasma, we derive the Schamel-Zakharov-Kuznetsov-Burgers' (SZKB) equation from the basic equations (1)-(6) in the long-wave approximation [34] . we expand the state of the plasma system as n j =1+ǫn
where ǫ is a small dimensionless expansion parameter (0 < ǫ ≪ 1), V is the wave phase speed normalized by C i , j = p, n denotes the positive and negative ions, respectively. In addition, the value of μ is assumed to be μ ∼ O(ǫ (7) and (8).
Substituting eqs. (7) and (8) into eqs. (1)- (6) and collecting the terms of the same power of ǫ,w eo b t a i nas e t of reduced equations. To the lowest order in ǫ,w eh a v e
From the expression of V , we can see that the ion-acoustic wave can propagate outward (+) or inward (−). In this letter, we will discuss the former case. For the next higher order in ǫ,w eo b t a i n
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Using eq. (9) and eliminating n
jz ,a n d Φ (2) in eqs. (10)- (16), we obtain the following (3+1)-dimensional SZKB equation for the first approximation of the electrostatic wave potential:
where Φ (1) is written as Φ for simplicity. The nonlinear coefficient A, the dispersive coefficients B and C, and the dissipative coefficient D are given as
Because of the vortex-like electron distribution, the SZKB equation (17) exhibits a stronger nonlinearity due to the presence of the nonlinear term √ Φ. The presence of the additional Burgers' term D( (17) is due to the ion kinematic viscosity, which plays a key role in the formation of the shock wave.
Results and discussions. -Now it is interesting and necessary to construct the exact shock wave solution for the SZKB equation (17) . It can be constructed by considering the homogeneous balance principle [35] and tanh function method [36] in the following four steps:
Step 1 : By introducing the traveling-wave transformation
we transform the SZKB equation (17) into the following ordinary differential equation:
where ∆ and U are the shock wave thickness and speed (in the reference frame), respectively. These two unknown constants will be determined later. In addition, ι 1 , ι 2 ,and ι 3 are the direction cosines between the wave propagation vector k with the ξ, η,andλ axes, respectively. Therefore, we have ι Here, we define ι 3 = cos θ,whereθ is the angle between the directions of the wave propagation vector and the external magnetic field.
Step 2 : We assume that the solution of the ordinary differential equation (18) can be expressed by a polynomial in the tanh function as follows:
where ϕ represents the amplitude of the shock wave which will be determined later, the integer m can be determined by considering the homogeneous balancing between the highest-order nonlinear term √ ΦΦ ′ and the highest-order partial derivative Φ ′′′ , i.e., The reason why we suggest that the solution has the form of eq. (19) with power m is that it has been shown that the traveling-wave solutions of many nonlinear wave equations, for example the Burgers' equation, the KdV equation, and the Volterra's equations, can be constructed with the aid of the tanh function [36] . Therefore, it is reasonable for us to assume that the shock wave solution of the SZKB equation (17) can be expressed by a polynomial in such function.
Step 3 : Substituting the ansatz (19) into eq. (18), we get a set of algebraic equations for the unknown constants ϕ, U , and ∆. Solving the algebraic equations by Maple, we can verify that the solution (19) satisfies the SZKB equation (17) provided that the unknown constants ϕ, U , and ∆ are
Step 4 : Substituting eq. (20) into the ansatz (19), we finally obtain the exact shock wave solution for the SZKB
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The effect of trapped electrons on the three-dimensional ion-acoustic shock wave etc. equation (17),
Clearly, we can see that the above exact shock wave solution (21) combines the contribution from the nonlinearity, dispersion, and dissipation which play a significant role in changing the shock shape of the wave potential. Since the plasma parameters α(> 0),β(> 0),b,Ω,μ,ι 1 ,ι 2 ,a n d ι 3 are real, we can see that all the values of the coefficients A, B, C, D,a n dV are real. This means that the value of the term
2 is positive. Also it can be seen that the value of the function [1−tanh(·)] 4 is positive. Therefore, the amplitude of the shock wave solution (21) has ever positive value for all the intrinsic plasma parameters. As far as we know, this is the first report in which the trapped electrons can support the shock wave with only positive polarity in the magnetized ionic-pair plasma.
The nonlinear characteristic of the ion-acoustic shock wave related to the plasma parameters including γ (determining the amount of electron trapping), θ (the angle between the directions of the wave propagation vector fig. 2(a) , we can see that the amplitude of the shock wave increases with an increase in μ for a fixed γ value. In addition, an increase in γ leads to the formation of taller shock wave for a fixed value μ.
2) As is clearly shown in fig. 2(b) , the amplitude of the shock wave is an increasing function of Ω. Moreover, increasing the values of θ could decrease the amplitude of the shock wave until θ reaches the critical value θ c . Then, further increasing the values of θ beyond θ c could enhance the amplitude of the shock wave.
In physics, an increase in the amplitude of the shock wave indicates that the electronic potential drop across the double layer enhances, and then more charged particles will be accelerated in the plasma. Therefore, we speculate that the behavior in fig. 2 can be explained as follows: increasing the values of the plasma parameters γ, μ, and Ω leads to more potential drop and accelerates positive ions and negative ions/electrons in opposite directions. The electronic potential drop across the double layer can be shrunk (enhanced) by increasing the values of θ if θ<θ c (θ>θ c ).
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3) Figure 3(a) shows that the thickness of the shock wave is independent of γ, while the parameter μ can shrink the shock wave thickness. Figure 3 (b) indicates that the thickness is a decreasing function of Ω. In addition, we can see that the thickness of the shock wave increases with an increase of θ until θ reaches the critical value θ c . However, a further increase of the values of θ beyond θ c leads to a decrease of the shock wave thickness. fig. 4(a) , we can see that the parameter γ does not have any effect on the shock wave speed in the reference frame. However, the speed of the shock wave is a decreasing function of the parameter μ.
4)

5) From
6) It is found in fig. 4(b) that the speed of the shock wave decreases with an increase of the Ω value. Furthermore, increasing the values of θ leads to an increase of the shock wave speed until θ reaches the critical value θ c , while the shock wave speed is a decreasing function of θ if θ>θ c .
We hope that our theoretical investigation can provide a better understanding of ionic-pair plasmas with trapped electrons in laboratory experiments. * * * 
